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論 文 内 容 要 旨          
 
In my research work I focused on solving various problems in radar technology within data acquisition, 
signal processing and image reconstruction fields. The goals of the all developed methods are to achieve 
clear and sharp radar images, enhance spatial resolution and suppress artifacts and clutter. Proposed solutions 
include new signal noise suppression technique, new image reconstruction techniques and new trajectory 
reconstruction technique for radar positioning. 
In chapter 2, as for preprocessing technique, we propose a new noise suppression method where we use 
preliminary measured radar characteristics for efficient denoising of the systems that observe dynamically 
changing scene in real-time. We considered Split Augmented Lagrangian Shrinkage Algorithm (SALSA) 
algorithm to solve Basis Pursuit Denoising (BPDN) problem with a Discrete Fourier Transform (DFT) 
operator. BPDN problem minimizes L2 norm frequency-domain discrepancy, where the noised signal is 
given in the frequency domain and the target vector is a time domain and is affected by the DFT operator. 
SALSA is optimizes the solution in terms of time domain sparsity. We propose to include weighting factor 
into L2 norm of discrepancy for each frequency-domain bin, and thus we penalize different frequency bins 
with different weights. We derived iterative algorithm to optimize weighted BPDN. We found the 
relationship between frequency noise distribution and a weighting vector. Developed algorithm is shown to 
be effective with frequency domain highly inhomogeneous noise. It can recover corrupted signal below noise 
level based on less corrupted parts of the signal in frequency domain, where the time-domain sparsity is 
imposed for the successful reconstruction. For the developed method we have shown simulated and 
experimental data processing and quantitative analysis. 
In chapter 3 we propose new image reconstruction algorithm Weight Envelope Transform that belongs to 
boundary transformation based methods family. In this chapter, we discuss the weak points of conventional 
algorithm Shape Estimation Algorithm based on Boundary scattering transform and Extraction of Directly 
scattered waves (SEABED) and its successors. We indicated that these methods have poor robustness and it 
cannot be applied for the Ground Penetrating Radar (GPR) profile processing. We proposed to construct 
wave-tracking lines instead of quasi-wavefornts. The wave-tracking lines are the lines that preserve the sign 
of the radargram along them. This new approach uses complete raw dataset for the vectorization process 
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instead of picking peaks as it was done in SEABED. We proved that such approach solves the problem of 
method robustness, and we showed the applicability of the method to GPR. We also provided a number of 
stages that can be applied to filter out wave-tracking lines. Usage of these filters can drastically reduce 
clutter and improve result interpretability. Filters make possible to include a priori knowledge about the 
target shape to obtain clear radar image. We prove the robustness, high clutter suppression and filtrations 
possibilities using Finite-Difference Time-Domain (FDTD) simulated and experimental data. We provide 
quantitative analysis in comparison with diffraction stacking method, which is one of the most commonly 
used method for GPR profile processing. 
In chapter 4 we consider various optimization algorithms to solve inverse problem of radar image 
reconstruction in the example of the 3D sparse array radar system. In this chapter, we start with a description 
of the approach to create a sparse array antenna layout and its range of applicability. The brief radar data 
processing pipeline, was shown and discussed. It included various tricks used for noise suppression, 
calibration and pulse compression technique. We have shown that due to the violation of Nyquist criteria, the 
conventional diffraction stacking method shows very low quality results. To overcome the problem of grating 
lobes we used inverse problem representation. In this representation we try to fit the solution vector which 
after simulation (forward) operator gives the raw radar data. We described Least squares, Compressive 
Sampling Matching Pursuit (CoSaMP), Regularized Orthogonal Matching Pursuit (ROMP), Conjugate 
Gradient Iterative Hard Thresholding (CGIHT) approaches and made comprehensive comparison, where we 
analyzed them from the point of view of robustness, resolution enhancement and artifact suppression. In this 
chapter we propose algorithms for numerical acceleration of the compressive sensing methods. We show the 
effectiveness of the parallelization with Compute Unified Device Architecture (CUDA) on Graphics 
Processing Unit (GPU) and demonstrated an acceleration boost in more than 100 times. We proposed to 
include radiation pattern to forward and backward operator that was shown to improve convergence speed 
and improve image quality for the near-range targets. We also proposed automatic sparsity estimation for the 
compressive sensing based algorithms. We experimentally tested the developed 3D sparse array and 
developed imaging methods in multiple experiments. A number of in-air experiments were carried out. The 
radar was also tested for subsurface 3D measurements of wooden walls for non-destructive wall inspection 
purposes, and for human body image reconstruction for the security radar scanner purposes. 
In chapter 5 we combine proposed imaging methods in chapters 3 and 4 as well as trajectory reconstruction 
algorithm in Appendix A and applied them to ALIS dual-sensor system. We showed the results for the 
conventional diffraction stacking imaging on the regular grid and proposed a new imaging method based on 
Weighted Envelope Transformation proposed in chapter 3. We discussed the problem of generalization 
Weight Envelope Transformation for 2-dimensional scans. As for a solution, we proposed to resample raw 
data acquisition points to equidistant ones, and apply Weighted Envelope Transformation for B-scan. This 
transformation purpose is to reduce clutter and find point-like targets. The result of Weighted Envelope 
Transformation is used for the further ray tracing simulation, to convert data back to the radar domain and 
obtain clear radargram. After this stage we can use a new radargram for 3D image reconstruction with any 
other methods, such as diffraction stacking or CGIHT. We demonstrated the results of the experimental data 
processing with various proposed methods. 
In appendix A we propose a new trajectory reconstruction algorithm based on IMU data of gyroscope and 
accelerometer which can be used for radar position tracking. We proposed a new multiple stages 
approximation algorithm, where on each stage we reconstruct trajectory with Madgwick method, estimate 
gravity component and use this estimation for the next stage of Madgwick method. After imposing additional 
requirements to the radar operator, we have shown precise gravity component estimation. As the result, a 
high quality reconstructed trajectory can be achieved in comparison with conventional methods. 
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論文審査結果の要旨 
 
 レーダによる画像化技術は一般にリモートセンシングによる環境計測や地中レーダから物体イメージングま
で応用範囲が広い。本研究は主として近距離における物体の2次元、あるいは3次元レーダイメージングを効率
的に行うための信号処理アルゴリズムに関するものである。 
 
本論文は6章で構成される。 
 第１章は緒論である。 
第2章はレーダ計測で得られた信号波形の雑音除去のためのアルゴリズムを提案した。このとき通常用いられ
る平均化ではなく 1 回の計測から逆問題のアルゴリズムを導入した推定アルゴリズムにより雑音を除去できる
ことを示した。 
第 3 章では逆境界散乱アルゴリズム(IBST)を、既に提案されている SEABED アルゴリズムのように検出され
た反射波形のピークを繫ぐ波線に適用するのではなく、計測された波形全体に適用する手法を提案した。例えば
従来手法では空中に置かれた複数の物体の形状を計測したレーダ波形から再構成することは可能であったが、地
中レーダ(GPR)のように反射波形の位置が明瞭でない場合には適用できなかった。本研究で提案した重み付き包
絡線変換法(Weighted Envelops Transformation)が地中レーダデータに対して有効であることをシミュレーションと
実データを利用して検証した。 
第4章では、2次元スパースアレイレーダを利用した3次元イメージングの画像再構成アルゴリズムについて
論じている。従来から利用されているバック・プロジェクション法に対して、最小二乗法を利用する手法、圧縮
センシング(CS)法のアルゴリズムであるCoSaMP、ROMP、CGIHTなどを実データに適用し、イメージングの精
度を比較した。さらにこうしたアルゴリズムをGPUを利用し実時間で処理するソフトウエアを開発した。 
第5章では地雷検知センサALISに対して3章で提案した包絡線変換法(Weighted Envelops Transformation)を適
用することでクラッタの多い地中環境においても提案手法が有効なことを示した。 
 第6章は結論である。 
 
レーダによるイメージング技術は既に実用化されている衛星リモートセンシングから大きな発展期を迎えて
いる。特に地中レーダ、植生や地表面状態の環境計測を行う地表設置型合成開口レーダ(GB-SAR)に代表される
ような近距離レーダでは、計測対象に対してレーダアンテナが接近しているため、従来利用されてきた対象物が
電波的に遠方に位置するなどの仮定が成立しないため、数学的な取り扱いが従来のイメージングに対して複雑化
する。またイメージングの問題を計測データからの逆問題として捉えることがより合理的である。本研究ではこ
うした観点からCS法を積極的に利用するなどして、高精度なイメージングを行う具体的な手法を提示した。こ
うした手法は多様化する環境計測に対して大きな寄与が見込まれる。 
 
 よって，本論文は博士( 学術 )の学位論文として合格と認める。 
 
    
